Objective-Genomic changes were defined in cultures of regenerated porcine coronary endothelial cells to explain the alterations that underlie their dysfunction. Methods and Results-Regeneration of the endothelium was triggered in vivo by endothelial balloon denudation. After 28 days, both left circumflex (native cells) and left anterior descending (regenerated cells) coronary arteries were dissected, their endothelial cells harvested, and primary cultures established. The basal cyclic GMP production was reduced in regenerated cells without significant reduction in the response to bradykinin and A23187. The mRNA expression levels in both native and regenerated cells were measured by microarray and RT-PCR. The comparison revealed genomic changes related to vasomotor control (cyclooxygenase-1, angiotensin II receptor), coagulation (F2 and TFPI), oxidative stress (Mn SOD, GPX3, and GSR), lipid metabolism (PLA2 and HPGD), and extracellular matrix (MMPs). A-FABP and MMP7 were induced by regeneration.
T he endothelium produces nitric oxide (NO) and prostacyclin, [1] [2] [3] which contribute to the anticoagulant properties of the intima and the inhibition of the adhesion and transmigration of inflammatory cells into the arterial wall. 4, 5 Endothelial dysfunction attributable to aging and prolonged exposure to turbulent shear stress, coupled with risk factors, accelerates apoptosis, senescence, and turnover of endothelial cells. 4, 5 Denuded areas are relined by regenerated endothelium. However, the latter is dysfunctional and no longer produces sufficient NO in response to thrombin and plateletderived serotonin, [5] [6] [7] losing part of its protective role. 4,8 -10 Impairment of NO synthesis favors cell apoptosis which contributes to endothelial dysfunction and the development of atherosclerosis. 9 Other phenotypic changes in regenerated endothelial cells suggest an accelerated senescence and an accumulation of oxidized forms of modified lipoproteins (LDL). 6, [11] [12] [13] The cellular mechanisms underlying these phenotypic changes are unknown. The present experiments were designed to define the genomic changes in regenerated endothelial cells which could explain their phenotypic alterations.
Materials and Methods
The Online Data Supplement gives a detailed description of Materials & Methods (please see http://atvb.ahajournals.org.).
Briefly, female pigs were subjected to endothelial denudation of the left anterior descending coronary artery (LAD) to induce endothelial regeneration. 6 Twenty-eight days later, the animals were euthanized and their hearts removed. Native (left circumflex artery) and regenerated cells were harvested for primary cell culture. Cultures derived from native and regenerated endothelial cells are termed native and regenerated cells, respectively. Confluent cultures at passage zero were studied, except when stated otherwise. Native and regenerated cells derived from the same 6 hearts were compared as regards:
1. Genomic expression by Microarray (GeneChips Porcine Genome Array, Affymetrix). Fold-changes greater than or equal to 0.8 were considered to indicate genomic differences. 14 Certain changed genes were subjected to computational simulation of biological interactions (PathwayAssist version 3). 2. Basal and stimulated (bradykinin, A23187) levels of cyclic GMP by radioimmunoassay. 11 3. mRNA expression by RT-PCR. 15 4. Protein presence by Western blotting. 16 5. Histochemical staining. 17 Student t test for paired observations was used for the statistical analysis of differences between native and regenerated cells.
Results

Microarray Gene Expression
The array used contained 23 937 probe sets that interrogate approximately 23 256 transcripts from 20 201 S. scrofa genes for target hybridization. The average presence of probe sets for native and regenerated endothelial cells of 6 animals was 61.15Ϯ0.0% and 60.3Ϯ0.01%, respectively, of the 24 123 probe sets present. The distribution profile (supplemental Figure I ) of all differentially expressed genes in regenerated endothelial cells consisted of 7.7Ϯ1.2% (1860Ϯ278) upregulated and 9.4Ϯ1.8% (2266Ϯ443) downregulated genes.
Of the identified genes 125 were upregulated and 444 downregulated (supplemental Table I ). The expression of the genes for adipocyte-fatty acid binding protein (A-FABP) and matrix-metalloproteinase 7 (MMP7) was observed only in regenerated cells (Figure 1 ). Among the other genes known to be related to endothelial function and vasomotor control, 18 were upregulated ( Figure 1 ) and 25 downregulated (Figure 2 ) significantly. The Microarray analysis revealed 425 unknown genes which were either up-or downregulated (supplemental Table II ).
The expression of a number of genes known to be related to endothelial function, including eNOS (NOS3), was comparable in native and regenerated cells (supplemental Table III) .
The Microarray analysis demonstrated absence or minimal expression, in both native and regenerated cells, of CD14, CD18, CD133, Flk 1 type VEGF receptor VEGFR2 (KDR/ Flk), and comparable expression of CD31 and CD34 antigens (supplemental Table III ).
Cyclic GMP
The basal level of cyclic GMP (measured as an index of the production of NO, and thus of the activity of eNOS) in regenerated cells at passage one was reduced significantly compared with native cells ( Figure 3D ). Bradykinin (1 mol/L) and A23187 (1 mol/L) increased the level of cyclic GMP significantly and to a comparable extent in native and regenerated cells ( Figure 3E ).
Real-Time PCR
Real-time PCR revealed a significant reduction in the expression of eNOS ( Figure 3A ) and thioredoxin reductase ( Figure  4A ) in regenerated cells. It also confirmed the upregulation of the expression of A-FABP gene ( Figure 5A ) in these cells.
Western Blotting
The experiments were performed in cells at passage 1 to 4. The presence of eNOS protein was significantly reduced in regenerated compared with native cells ( Figure 3B ), as was that of Akt 1/2 ( Figure 3C ). The protein levels of thioredoxin reductase ( Figure 4B ) and superoxide dismutase (Mn SOD; Figure 4C ) also were reduced significantly in regenerated cells. The protein level of coagulation factor II (F2) was augmented significantly in regenerated cells ( Figure 5C ). The presence of MMP7 protein was demonstrated in regenerated cells only ( Figure 5B ).
Immunohistochemistry
Cultures of regenerated endothelium contained more multinucleated and enlarged cells (supplemental Figure II) . More than 99% of native and regenerated cells stained for von Willebrand factor (vWF; supplemental Figure II) . A more intense immunohistochemistry staining for senescenceassociated galactosidase beta 1 (SA-␤-Gal) was observed in regenerated cells at passage one ( Figure 6 ).
Pathway Analysis
Changed genes for which we believe that they play a role in endothelial function were subjected to computational simulation of biological interactions (supplemental Figure III) . This simulation suggested that the downregulation of Mn SOD, GPX3, and GSR should raise the level of oxidative stress, hamper DNA integrity, and reduce the level of nitric oxide, and thus that of cyclic GMP. At the same time, the formation of peroxynitrite should accelerate the lipid peroxidation and promote inflammatory responses. Similarly, the increased level of F2 as well as the elevated level of tissue factor caused by the reduction in TFPI should reduce the anticoagulatory properties of regenerated cells. The reduced expression of plasminogen activator inhibitor (PAI)-2 and the increased levels of MMP7, MMP23, and several subtypes of collagen should facilitate extracellular matrix remodeling leading to vascular thickening.
Discussion
The present study was initiated to identify the genomic changes in regenerated endothelial cells. The pig was selected as experimental animal because the development, morphology, and function of its cardiovascular system closely resemble that of humans. 18 In the present experiments, endothelial regeneration was induced in a minimal area along the LAD to maintain the well-being of the animals. This limits the amount of samples for the analysis both at genomic and proteomic levels. Hence, primary cultures of endothelial cells [11] [12] [13] were used to permit harvesting of sufficient RNA to perform the microarray analysis (cells at passage zero) and protein analysis (cells between passage 1 and 4 which provided sufficient proteins, at the risk of introducing changes due to the multiple passaging). To minimize genetic background noise, the comparison was performed systematically in parallel between native and regenerated cells of the same hearts. The microarray data revealed a large number of up-or downregulated genes. This manuscript focuses on the changes that we felt are the most important in terms of endothelial dysfunction and atherosclerosis.
The regeneration of injured endothelium occurs mainly by the proliferation and migration of the neighboring mature endothelial cells to cover the damaged area in order to uphold the homeostasis within the vascular system. 19 Bone marrowderived stem cells, particularly the circulating endothelial progenitor cells (EPC; CD133 ϩ KDR ϩ CD34 ϩ cells), 19 can differentiate into endothelial phenotype in response to injury. 19 This accelerates reendothelialization and influences the release of cytokines and growth factors (VEGF, M-colony stimulating factor [CSF], IGF). 19, 20 After 28 days, 70% or more of the previously denuded surface is covered by regenerated endothelium. 20, 21 In the present study, upregulation was observed of CXCL12 and GM-CSF, which may reflect the mobilization of progenitor cells by chemokines to site of injury for reendothelialization 22 although the expression of CD34 ϩ was not changed in regenerated cells. The absent or insignificant expression in CD133, KDR, 19 CD14 and CD18 23 demonstrated the purity of endothelial mRNA with minimal contamination by progenitor or mononuclear cells. The endothelial origin of both native and regenerated cells was confirmed by genetic expression of eNOS and CD31, as well as by positive staining for vWF. 24 
Vasomotor Control eNOS and Akt
The basal production of cyclic GMP was reduced in regenerated cells by approximately 30% compared with native cells, which is indicative of endothelial dysfunction. 11 This interpretation is supported by the reduced genetic expression of eNOS, as detected by RT-PCR (but not by microarray), and by the reduced protein presence of the enzyme. The reduced expression of flow-sensitive caveolin-1, which in the caveolae along the cell membrane can activate resident eNOS to produce nitric oxide, may suggest a reduced response to physiological stimulations such as shear stress. 25 The reduced protein presence of Akt also is consistent with a diminished production of NO. 26 The observed downregulation of arginase (type II) implies that competition by this enzyme for substrate arginine is not likely to contribute to reduced production of NO. 27 The cyclic GMP response to endothelium-dependent vasodilators was not reduced. This is in line with earlier studies demonstrating normal endothelium-dependent relaxations to bradykinin and A23187 in arteries covered with regenerated endothelium. 6 By contrast, earlier work has shown that the endothelium-dependent relaxations to serotonin (and thrombin) are impaired by the regeneration process. 6, 7, 13, 28 Other Enzymes and GPCRs The present data did not reveal significant changes in expression level of the detected serotonin (5-HT1D and 5-HT2B receptors) and endothelin-1 receptors in regenerated cells, whereas that of angiotensin II and oxytocin receptors was augmented. The observed upregulated gene expression of the angiotensin II (Ang II) type 1 receptor may result in inactivation of the bradykinin-nitric oxide pathway and thus endothelial dysfunction on exposure to angiotensin II. 29 It also could facilitate inflammatory reactions attributable to oxidative stress resulting from inactivation of antioxidant enzymes such as superoxide dismutase which would favor lipid oxidation and damage proteins and nucleic acids in the endothelial cells. 29, 30 The expression of the 5-HT1D subtype was minimal in cultures derived from both native and regenerated cells. The minimal expression of serotonin receptors observed in the present study helps to explain earlier work demonstrating a loss in ability to release endotheliumderived relaxing factor in cultured cells in response to monoamine. 28 The downregulation of endothelin-converting enzyme 1 (ECE 1) observed in the present studies in regenerated cells may imply that despite the unchanged expression of endothelin receptors, endothelin-1 does not contribute to the dysfunction of these cells, although obviously a reduced bioavailability of NO could favor the production and the action of the peptide. 31 
G-Proteins
The selective loss of the response to serotonin and thrombin has been attributed to a reduced activity of pertussin-toxin sensitive Gi-proteins, whereas that of Gq proteins (which mediate the response to bradykinin) is maintained much longer. 6, 7, 13, 28 The absence of differences in the expression of Gi-protein family genes in regenerated cells supports that interpretation and is in line with the earlier demonstration, by immunostaining, of a comparable presence of these proteins in native and regenerated cells. 13 Endothelium-dependent vasodilatation may also be dampened further by a reduced production of prostacyclin by the main producing enzyme, COX-1/PGHS-1, 32 the expression of which is reduced in regenerated cells.
Oxidative Stress
Endothelial reactive oxygen species (ROS) can originate from various sources (eg, the mitochondrial oxidative respiratory chain, xanthine oxidase, uncoupled NOS, cytochrome P-450 enzymes, cyclooxygenases and NADPH oxidases). 33 ROS alter gene transcription and enzyme activities, reduce the production of nitric oxide, and cause oxidative damage to lipids, proteins, and DNA. 34, 35 The expression of the subunit complexes of oxidative phosphorylation were not changed in regenerated cells. The present experiments predict an elevated level of hydrogen peroxide, originating from the mitochondria in regenerated cells attributable to downregulation of several antioxidant enzymes (Mn SOD [but not the Cu type], GPX3, GSR, TR, 35 and thioredoxin-interacting protein). High levels of ROS, including hydrogen peroxide, as a result of the reduced activities of Mn SOD in the mitochondria diffuse and exert an oxidative effect in cytosol to catalyze the conversion of nitric oxide into peroxynitrite. 35 This could reduce eNOS level in regenerated cells, bioavailability of NO, 35 and augment the production of endotheliumderived vasoconstrictor substances. 36 The protective role of adenosine on oxidant injury 37 could also be diminished as a result of upregulation of adenosine deaminase, the major enzyme that catabolizes this nucleoside. Furthermore, an augmented production of ROS would also inhibit other mitochondrial enzymes including aconitase and pyruvate dehydrogenase kinase, 33 explaining the reduced expression of those enzymes revealed by the present microarray experiments.
Cholesterol/Fatty Acid Metabolism
Another aspect related to endothelial function is the metabolism of lipids. The gene expression of A-FABP was induced in regenerated cells, whereas the gene for this protein was not present in native cells. Activation of A-FABP is dependent on ox-LDL and PPAR gamma and essential for transformation of macrophages to foam cells in the subendothelial layer. 38 It is also involved in the development of atherosclerosis by promoting accumulation of cholesterol esters and production of inflammatory mediators. 39 The gene for Gp VII PLA2 (which releases proinflammatory eicosanoids as well as platelet-activating factor 40 ) and HPGD (which minimizes the availability of lipoxin 41 ) were also upregulated. This, together with elevated levels of ROS, would provide a genomic explanation for increased acetylated LDL uptake 11 and intracellular accumulation of ox-LDL 12 without changes in number of LOX receptors in regenerated cells. 12 An increase in acetylated and oxidized LDL as well as in oxidized ApoB-100 in cells decreases the production of nitric oxide, which contributes to vascular disease. 4, 5 The observed downregulated expression of acyl-coA oxidase and VLCAD should reduce the ␤-oxidation of long chain fatty acids in mitochondria 42 and increase lipid accumulation in the cells, 43 whereas the reduced expression of ACAT and ApoB should diminish inflammation in vascular cells. 44 A reduced presence of HDL binding protein, ABCA1 in regenerated cells, would limit the efflux of lipids from endothelial cells 45 and pose further cardiovascular risk by facilitating the accumulation of cholesterol.
Coagulation
The endothelium becomes prothrombotic after the regeneration process. 8 Indeed, the reduced expression of endogenous lipoprotein-associated TFPI gene in regenerated cells could lead to augmented levels of tissue factor. 46 Similarly, lipid peroxidation can accelerate the oxidative degradation of TFPI in endothelial cells which becomes a marker for endothelial dysfunction. 47 Upregulation of genes like F2 in regenerated cells should facilitate thrombin formation. 48 
Extracellular Matrix, Vascular Smooth Muscle Proliferation, and Neointimal Formation
The immediate vascular response after the injury leads to elastic recoil of the media and the adventitia 49 and initiates several subsequent events including recruitment and migration of inflammatory cells, proliferation of vascular smooth cells, and deposition of extracellular matrix at site of injury with the formation of neointima. 50 The reduced expression of PAI-2 in regenerated cells may increase the proteolytic power of proteinases and hence the upregulation of MMP genes in regenerated cells 51 including MMP7, MMP23A&B. MMP7 at both the genomic and proteomic levels was expressed only in regenerated cells. This proteinase may promote plaque rupture. 52 The altered gene expression of other extracellular matrix proteins in particular the collagens could also accelerate the susceptibility toward cardiovascular disease. 53 Although intima-media thickening was not observed significantly in the present experiments, the augmented transforming growth factor (TGF) beta 1 but downregulated expression of TGF beta 1 receptor II in association with altered expression in thrombospondins in regenerated cells may have pathophysiological consequences. 54 
Inflammation and Apoptosis
The gene expression data indicate that inflammatory, tumor necrosis factor (TNF)-related and apoptotic events were downregulated. This probably reflects complete reendothelialization of denuded area to maintain vascular homeostasis after injury. These observations then imply that inflammatory reaction, which initiates atherosclerotic process 55 follows rather than precedes regeneration.
Growth Regulation and Senescence
The present genomic and histochemical data demonstrate that ␤-galactosidase, an established marker for cellular senescence during aging and after chronic oxidative stress, 17 is upregulated in regenerated cells. The exact mechanism causing increase of this enzyme during aging is unclear. However, its upregulation is in line with that of genes such as GADD45A and GADD45B as well as growth arrest specific 6. This could cause endoplasmic reticulum stress and prevent DNA synthesis. 56 That early senescence occurs in regenerated cells is suggested also by morphological changes (larger, multinucleated cells) observed, confirming earlier observations. 13 
Angiogenesis
The expression of angiogenic factors for endothelial cell proliferation like VEGF and angiopoietin-2 57 was not changed, presumably reflecting the fact that completed reendothelialization has occurred after the injury.
In conclusion, the present study outlines genomic and proteomic changes that accompany endothelial regeneration and presumably vascular changes related to intima-media thickening (supplemental Figures III and IV) . These findings provide new information on genomic changes which help to understand the phenotypic alterations of regenerated endothelial cells.
